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Precise control of gene expression patterns is critical for the specification of cellular diversity during meta-
zoan development. Polycomb group (PcG) proteins comprise a class of transcriptional modifiers that have
dynamic and essential roles in regulating a number of key processes including lineage commitment. How
this is accomplished during mammalian development is incompletely understood. Here, we discuss recent
studies in embryonic stem cells (ESCs) that provide critical new insights into how PcG proteins may be
targeted to genomic sites as well as the mechanisms by which these regulators influence gene expression
and multilineage differentiation in mammals.Introduction
First discovered in Drosophila, Polycomb group (PcG) proteins
were found to be integral to the regulation of Hox genes and
normal development (Duncan, 1982; Ju¨rgens, 1985; Lewis,
1978). PcG proteins are now widely recognized in all metazoans
for their roles in a broad range of biological processes including
cell cycle control, genomic imprinting, X-inactivation, cell fate
transitions, tissue homeostasis, and tumorigenesis (Bracken
and Helin, 2009; Gieni and Hendzel, 2009; Sparmann and van
Lohuizen, 2006). More recently, PcG proteins have garnered
much attention as modulators of stem cell differentiation in
mammals (Bracken and Helin, 2009; Pietersen and van Lohui-
zen, 2008; Schuettengruber and Cavalli, 2009). Thus, improved
knowledge of how PcG proteins function has practical applica-
tions for understanding development in mammals and for
designing new methods to control the differentiation of stem
cells for patient-specific therapies.
PcG proteins comprise a class of transcriptional repressors
that are found in multi-subunit complexes termed Polycomb
repressive complexes (PRCs). Most PcG proteins are broadly
associated with either PRC1 or PRC2. Their core components
are conserved between Drosophila and mammals; however,
the composition of these complexes can vary among different
cell types and organisms (Kerppola, 2009; Levine et al., 2004;
Schuettengruber et al., 2007). Although PRCs are functionally
distinct, both PRC1 and PRC2 modify chromatin structure by
covalent modification of histone proteins (Mu¨ller and Verrijzer,
2009; Schuettengruber and Cavalli, 2009; Simon and Kingston,
2009). PRC2 (e.g., EZH2, SUZ12, and EED) catalyzes di- and
trimethylation of lysine 27 on histone H3 (H3K27me2/3, a modifi-
cation associated with transcriptional repression) (Cao et al.,
2002; Cao and Zhang, 2004; Czermin et al., 2002; Kirmizis
et al., 2004; Kuzmichev et al., 2002), while PRC1 (e.g., BMI1,
RING1A, RING1B, CBX, and PHC) mono-ubiquitylates histone
H2A on lysine 119 (H2AK119Ub1) (de Napoles et al., 2004;
Wang et al., 2004a). Biochemical and genetic studies also
support the idea that PcG-mediated repression requires both
catalytic and noncatalytic activities. How the posttranslational
histone modifications, termed chromatin marks, catalyzed by288 Cell Stem Cell 7, September 3, 2010 ª2010 Elsevier Inc.these complexes contribute to gene regulation or how other
associated factors may influence PRC activities remains to be
fully elucidated.
Loss of PRC2 activity results in embryonic lethality in mice
(Faust et al., 1995,1998; O’Carroll et al., 2001; Pasini et al.,
2004), whereas inactivation of PRC1 generally results in less
severe phenotypes that manifest later in development (Akasaka
et al., 2001; Core´ et al., 1997; del Mar Lorente et al., 2000; Endoh
et al., 2008; Takihara et al., 1997; van der Lugt et al., 1996)
(Table 1). These phenotypic differences, however, probably
reflect the high degree of overlap in the function of PcG homo-
logs and not their degree of importance during development
(Kerppola, 2009; Leeb et al., 2010). Consistent with this, the
PRC1 component RING1B, an E3 ubiquitin ligase, is essential
for gastrulation during mouse development (Voncken et al.,
2003). Thus, the precise mechanisms by which PcG proteins
function in vivo have been difficult to dissect given their delete-
rious phenotypes.
Recent work demonstrates that the core features of how cells
regulate cell fate decisions in mammals can be discovered in
embryonic stem cells (ESCs) (Boyer et al., 2006a; Jaenisch and
Young, 2008; Loh et al., 2008; Macarthur et al., 2009; Orkin
et al., 2008). ESCs, which are derived from a transient population
of pluripotent cells in the blastocyst, can self-renew while
maintaining the capacity to differentiate in vivo and in vitro
into any cell type in the body (Keller, 2005; Murry and Keller,
2008). Thus, ESCs are an important model system to elucidate
the mechanisms that govern cell fate transitions during mamma-
lian development. PcG proteins are required for themaintenance
of multipotent and progenitor stem cell populations, in part,
by regulating genes important for cell cycle control and cell
proliferation such as p16(INK4a) and p19ARF (reviewed by
Sauvageau and Sauvageau, 2010, in this issue of Cell Stem
Cell). Interestingly, PcG proteins are not necessary for the
maintenance of self-renewal in ESCs, perhaps reflecting their
unique cell cycle properties including a shortened G1 and an
extended S phase (White and Dalton, 2005) or their different
developmental stage. Rather, PcG proteins are thought to
prepare ESCs for lineage commitment by temporal control of
Table 1. Loss of Function Phenotypes of Selected Polycomb Group Proteins
Subunit Phenotype In Vitro (ESC) Phenotype In Vivo Key References
PRC2
Suz12 De-repression of target genes; global loss
of H3K27me3 and-me2, decrease in Ezh2
protein levels. Embryoid bodies lack proper
structure.
Lethal at early postimplantation
stage. Die E7.5–E8.5
Pasini et al., 2004, 2007;
Jung et al., 2010
Eed Target genes are de-repressed;
genome-wide decrease in H3K27me1,
H3K27me2, and H3K27me3. Decrease in
Ezh2 protein levels. Eed null ESCs fail to
differentiate properly in vitro, but can
contribute to chimeras.
Disrupted axial patterning; Fail to
properly gastrulate and to produce
embryonic mesoderm. Die E8.5.
Faust et al., 1995; Montgomery
et al., 2005; Chamberlain
et al., 2008; Shumacher et al., 1996;
Leeb et al., 2010
Ezh2 Fail to abolish H3K27me1 and H3K27me3
at some genes. Null ESCs fail to undergo
mesoendoderm differentiation, but
phenotype is less severe than Eed null,
because of a partial redundancy with Ezh1,
particularly at developmental genes.
Lethal at early postimplantation stage.
Die E7.5–E8.5.
Shen et al., 2008;
O’Carroll et al., 2001
Jarid2 Global H3K27 methylation unaffected;
fail to properly differentiate.
Incompletely penetrant; neural, cardiac,
liver, and hematopoietic defects.
Die E11.5-15.5, depending on
strain background.
Jung et al., 2005; Motoyama
et al., 1997; Takeuchi et al., 1995;
Shen et al., 2009;
Pcl2/Mtf2 Upregulated pluripotency regulators;
fail to properly differentiate.
Mice are viable, but have growth defects.
Incompletely penetrant; posterior
homeotic transformation.
Walker et al., 2010;
Wang et al., 2007
PRC1
Ring1B ESC lines are unstable and display
a high propensity toward differentiation;
de-repression of target genes; embryoid
body formation is abnormal. Some ESC
lines can differentiate into all three germ
layers.
Developmental arrest in early gastrulation
similar to PRC2 components. Die E10.5.
Voncken et al., 2003;
van der Stoop et al., 2008;
Leeb and Wutz, 2007;
Leeb et al., 2010
Ring1A Ring1A/Ring1B double knockout ESCs
lose ESC identity and fail to self-renew
after several passages.
Mice are viable. Anterior transformation
and axial skeletal patterning abnormalities
in both heterozygote and homozygote
mutants.
del Mar Lorente et al., 2000;
Endoh et al., 2008
Bmi1 Mice are viable, but with posterior
homeotic transformation and severe
immunodeficiency.
van der Lugt et al., 1996;
Akasaka et al., 2001
M33 (Cbx
family)
Mice are viable, but have growth defects;
homeotic transformation; and increased
sensitivity to retinoic acid during
development.
Core´ et al., 1997
Rae28 (Phc
family)
Some null mice are viable. More severe
phenotypes include perinatal lethality,
posterior skeletal transformations, and
neural crest defects.
Takihara et al., 1997
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and van Lohuizen, 2008), but we currently have an incomplete
understanding of this process.
In this review, we highlight recent findings in ESCs that reveal
important new insights into the regulation of early lineage
commitment in mammals by PRC1 and PRC2. In particular, we
focus our discussion on the mechanisms by which these
complexes are targeted to genomic sites and how they function
to modify chromatin to ensure that developmental gene expres-
sion patterns are faithfully executed during ESC differentiation.PcG Proteins Silence a Key Set of Developmental Genes
in ESCs
PcG proteins co-occupy and regulate the expression of a large
cohort of developmental and signaling genes in ESCs, such as
the Hox gene clusters as well as members of the Dlx, Fox, Irx,
Lhx, Pou, Pax, Sox, Tbx, and Wnt gene families (Boyer et al.,
2006b; Ku et al., 2008; Lee et al., 2006). This suggested that
PcG proteins function in ESCs to prevent differentiation by
repressing these genes. However, ESCs can self-renew and
maintain the expression of key pluripotency genes in theCell Stem Cell 7, September 3, 2010 ª2010 Elsevier Inc. 289
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Figure 1. PcG Target Genes Have a Bivalent
Chromatin Conformation in ESCs
(A) Bivalent domains are enriched with H3K4me3
and H3K27me3, modifications associated with
TrxG and PcG activities, respectively. In mam-
mals, PRC2 consists of SUZ12, EED, and
the histone methyltransferase EZH2, which
catalyzes the di/trimethylation of lysine 27 on
histone 3 (H3K27me2/3). PRC1 subunits com-
prise CBX, PHC, BMI1/MEL18, and RING1A/B.
RING1B monoubiquitylates lysine 119 on H2A
(H2AK119ub). In ESCs, PRC1 and PRC2 colocal-
ize at some promoters, whereas only PRC2 is
targeted to others. Although genes are repressed
in both cases, those with PRC1/H2AK119ub
may harbor paused RNA polymerase II and expe-
rience transcription initiation but no productive
elongation.
(B) Upon lineage commitment, many bivalent
domains are resolved depending on the expres-
sion state of the gene. To stabilize the repressed
state of a particular gene, DNAmethyltransferases
can methylate CpG sites to silence genes. The
histone demethylases JMJD3 and UTX and
possibly histone H2A deubiquitylases (H2A DUB)
may allow for activation of PcG target genes by
facilitating removal of the repressive H3K27me3
and H2AK119Ub1 marks during differentiation.
Some genes remain in a poised, bivalent state until
further lineage decisions are made.
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2007; Shen et al., 2008; van der Stoop et al., 2008). Rather,
PRC2-deficient ESCs as well as those lacking RING1B fail to
properly maintain the expression of lineage-specific genes
(Boyer et al., 2006b; Chamberlain et al., 2008; Leeb and Wutz,
2007; Leeb et al., 2010; Pasini et al., 2007). These data led to
the idea that PcG proteins are necessary for cell fate transitions
and that PcG-mediated repression must be dynamic because
many of the target genes in ESCs maintain the potential to
become either activated or silenced during differentiation.
PRC2-Mediated H3K27me3 Is Enriched at Bivalent
Chromatin Domains in ESCs
H3K27me3 is broadly associated with facultative heterochro-
matin and the repression of developmental programs in meta-
zoans. An important open question then is how PcG-repressed
genes in ESCs maintain the potential for gene activation.
A remarkable finding in both mouse and human ESCs is the
coenrichment of both activating and repressive chromatin modi-
fications at PcG target genes (Azuara et al., 2006; Bernstein
et al., 2006; Pan et al., 2007; Zhao et al., 2007). These ‘‘bivalent
domains’’ consist of peaks of H3K4me3 enrichment that overlap
with broader domains of H3K27me3 modifications (Bernstein
et al., 2006; Mikkelsen et al., 2007) (Figure 1). This is consistent
with the idea that control of developmental gene expression
patterns is highly coordinated by the concerted activities of
Trithorax group (TrxG) proteins and PcGs. Despite the over-
whelming evidence that H3K4me3, a modification catalyzed by
TrxG proteins, is associated with transcriptional initiation, biva-
lent genes display low expression levels. Bivalent domains are
also found in other cell types albeit less frequently (Mikkelsen
et al., 2007); however, in ESCs unlike in lineage-committed cells,
most H3K27me3 is associated with H3K4me3. Importantly,
recent studies in Zebrafish also found coenrichment of both290 Cell Stem Cell 7, September 3, 2010 ª2010 Elsevier Inc.H3K4me3 and H3K27me3 at a subset of genes in early embryos
(Vastenhouw et al., 2010) providing strong evidence that bivalent
domains are not simply cell culture artifacts.
Bivalent domains are generally resolved during differentiation
into either H3K27me3 or H3K4me3 regions depending on the
expression state of the gene in a particular cell type. The binding
of PcG proteins in ESCs may facilitate repression at a particular
set of genes during differentiation by recruitment of more
stable silencing mechanisms such as DNA methylation (Schuet-
tengruber et al., 2007; Simon and Kingston, 2009). Indeed,
promoters associated with H3K27me3 in ESCs are more likely
to become DNA methylated during differentiation (Meissner
et al., 2008; Mohn et al., 2008). The resolution of bivalent
domains is also probably facilitated by a class of histone deme-
thylases that selectively remove H3K4me3, consistent with their
essential roles in development and differentiation (Cloos et al.,
2008; Lan et al., 2008). Conversely, loss of PRCs or H3K27me3
may facilitate activation of genes necessary for lineage commit-
ment. Two histone demethylases, JMJD3 and UTX, have
recently been identified as H3K27me2/me3 demethylases
(Agger et al., 2007; Hong et al., 2007; Lan et al., 2007; Lee
et al., 2007; Xiang et al., 2007), making them likely candidates
for counteracting Polycomb-mediated gene silencing during
activation of lineage-specific genes. Jmjd3 and Utx are neces-
sary for proper development and differentiation in a variety of
systems including mammals and are targeted to developmental
regulators such as Hox genes during ESC differentiation (Swigut
and Wysocka, 2007). Moreover, inactivating mutations in Utx
have been found in multiple tumor types (van Haaften et al.,
2009), suggesting that disrupting the balance in H3K27 methyla-
tion patterns can lead to changes in cell state. Thus, demethyla-
tion of H3K27me3 may be one way to disrupt Polycomb-
mediated gene repression, although there are probably other
mechanisms that work in concert such as those mediated by
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Young, 2008).
It has been proposed that PRC2 establishes the silent state
and that maintenance of gene repression occurs through
recruitment of PRC1 via a direct interaction of the chromodo-
main of Polycomb (Pc)/CBX family members with H3K27me3
(Fischle et al., 2003; Min et al., 2003; Wang et al., 2004b).
However, existing evidence does not support the exclusivity
of this appealing model. Rather, the mechanisms utilized to
target these complexes to specific sites are probably diverse
and may result in distinct outcomes (discussed in Simon and
Kingston, 2009). Consistent with this, recent genome-wide
studies showed that although PRC1 and PRC2 colocalize at
many important developmental genes in ESCs, these complexes
could also occupy distinct genomic sites and act independently
to repress genes (Boyer et al., 2006b; Ku et al., 2008; Leeb
et al., 2010; Schoeftner et al., 2006). Moreover, these studies
revealed two classes of bivalent domains: co-occupancy of
both PRC1 and PRC2 or PRC2 alone (Ku et al., 2008) (Figure 1).
Bivalent domains occupied by both complexes also harbor
H2AK119Ub1 and are more likely to maintain H3K27me3 levels
upon differentiation and are functionally distinct from the
PRC2-only regions. Thus, it is important to understand how
each of these complexes is recruited to target sites and how
each influences chromatin dynamics and gene expression states
during ESC differentiation.
PRC1-Mediated Histone Mono-ubiquitylation
Contributes to Gene Repression
In ESCs most bivalent promoters and hence PcG target genes
are thought to harbor a paused RNA polymerase II enzyme
(RNAPII). These genes experience transcription initiation yet
do not show evidence of elongation (Guenther et al., 2007),
consistent with the earlier finding that PcG proteins do not
prevent the binding of RNAPII to promoters inDrosophila (Dellino
et al., 2004). Interestingly, PRC1-mediated H2AK119Ub1 may
contribute to this paused state (Stock et al., 2007) (Figure 1).
PRC1 appears to be responsible for themajority of H2AK119Ub1
in ESCs (Kallin et al., 2009). Deletion of Ring1b, an E3 ubiquitin
ligase associated with PRC1, leads to loss of this modification,
release of the paused polymerase, and gene de-repression
(Stock et al., 2007). However, it should be noted that loss of
Ring1b alters PRC1 integrity so it is possible that this observation
is not a direct consequence of loss of H2AK119Ub1 in ESCs.
Moreover, not all target genes become de-repressed upon
loss of Ring1b activity (van der Stoop et al., 2008), indicating
the existence of other mechanisms that maintain repression of
these genes. Whether all bivalent genes harbor paused polymer-
ases and whether this is tightly linked to histone ubiquitylation
remain open questions.
These studies predict that specific histone deubiquitylases
(DUBs) have roles in counteracting PcG-mediated repression
during differentiation. In support of this, a distinct Polycomb
repressive complex (PR-DUB), comprising additional factors
such as Additional sex combs (Asx), has been shown to possess
histone H2A deubiquitylase activity and to regulate Hox gene
silencing in Drosophila (Scheuermann et al., 2010). Prior studies
showed that Asx is necessary to maintain both homeotic gene
activation and silencing (Fisher et al., 2006), indicating that addi-tional studies are needed to fully understand its role in PcG-
mediated gene regulation. Although Asx homologs exist in
mammals (Fisher et al., 2006), a similar complex has yet to be
identified. Nonetheless, there are several factors with known
histone H2A DUB activity in vertebrates including Ubp-M
(USP16), which is required for cell cycle progression in HeLa
cells as well as Hox gene activation and posterior development
in Xenopus laevis (Joo et al., 2007; Weake and Workman,
2008). Thus, the identification of H2A DUBs with specific roles
in counteracting PcG silencing during ESC differentiation is
expected to reveal another layer of regulation important for
maintaining the balance between self-renewal and lineage
commitment. Ultimately, identifying the downstream effectors
of both PRC2-mediated H3K27me3 and PRC1-mediated
H2AK119Ub1 as well as elucidating how these modifications
crosstalk in ESCs will be necessary to fully understand how
PcG proteins function in stem cell differentiation.
Chromatin Compaction and Higher-Order Chromatin
Organization Do Not Require PRC-Enzymatic Activity
ESC differentiation is characterized by a dramatic reorganization
of chromatin structure leading to a marked increase in hetero-
chromatin formation and gene silencing (Mattout and Meshorer,
2010; Meshorer et al., 2006). Furthermore, the formation
of extended PcG-mediated H3K27me3 domains, a mark of
facultative heterochromatin, has also been observed during
ESC differentiation (Hawkins et al., 2010). PcG proteins have
long been thought to contribute to gene silencing by chromatin
compaction; however, direct evidence in favor of this model
was lacking. Indeed, recent work indicates the physical associ-
ation of PRCs at genomic sites might contribute to gene repres-
sion by higher-order chromatin organization. For example,
reconstituted PRC1 restricts chromatin-remodeling activity and
can physically compact chromatin in vitro with unmodified
nucleosome templates or those that lack histone tails (Francis
et al., 2004; Francis et al., 2001). Although these studies argued
that PRCs participate in the formation of higher-order chromatin
states in the absence of histone modifications in vitro, whether
this phenomenon could be observed in vivo remained an open
question.
Recent studies investigating the large-scale remodeling of
chromatin at Hox loci in ESCs now provide in vivo support for
the role of PcG proteins in this process. Hox gene clusters serve
as a paradigm for studying the role of PcG proteins in chromatin
organization and gene regulation because they are classical
PcG targets and because they are temporally activated in a
collinear fashion during development (Kmita and Duboule,
2003; Mallo et al., 2010). Furthermore, extensive domains of
PcG proteins as well as of H3K27me3 have been observed
across all Hox clusters in ESCs (Boyer et al., 2006b; Ku et al.,
2008; Lee et al., 2006; Mikkelsen et al., 2007) and are lost
upon induction of expression during differentiation in vivo
(Soshnikova and Duboule, 2009). Prior observations noted
a distinct nuclear reorganization of the HoxB cluster during
ESC differentiation (Chambeyron and Bickmore, 2004; Morey
et al., 2007). Using DNA FISH, this same group now provides
striking evidence that PcG proteins can mediate chromatin
compaction at the HoxA and HoxD clusters tested in ESCs
(Eskeland et al., 2010). Both PRC1 and PRC2 were required toCell Stem Cell 7, September 3, 2010 ª2010 Elsevier Inc. 291
Figure 2. Polycomb Group Proteins Mediate Higher-Order Chromatin Structures
PcG proteins mediate chromatin compaction at both the HoxB and the HoxD gene clusters. In ESCs, the chromatin at these clusters appears compact, and de-
compaction and gene activation are observed upon differentiation. Notably, although PRC1 is necessary for chromatin compaction, this function does not require
the ubiquitin ligase activity of RING1B.
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ubiquitin ligase activity of RING1Bwas dispensable for this orga-
nization. Moreover, an observable increase in the distance
between DNA FISH probes temporally preceded Hox gene acti-
vation during ESC differentiation. Together, these data point to
important noncatalytic roles for PRC1 in regulating higher-order
chromatin organization and Hox gene expression during early
development. Although the precise organization and function
of this unique chromatin region is still under investigation, the
role of H2AK119Ub1 is not clear in this context, given that this
modification appears dispensable for chromatin compaction
and gene repression.
EZH2, a core PRC2 component, has also been implicated in
the formation of chromatin interactions. Recent studies mapped
long-range chromatin interactions at the PcG target gene Gata4
in embryonic carcinoma (EC) cells with a high-resolution chro-
matin conformation capture assay (Tiwari et al., 2008a; Tiwari
et al., 2008b). These interactions were only partially lost upon
knockdown of Ezh2 and completely lost when EC cells were
induced to differentiate. However, it was unclear whether the
reorganization of chromatin structure during differentiation
causes the observed changes in gene expression. Given the
studies by Eskeland et al., it is possible that the changes in chro-
matin structure observed upon EZH2 depletion may be due to
a concomitant loss of PRC1 at this gene. Nonetheless, these
data suggest that PcG proteins may also repress gene expres-
sion in ESCs by mediating long-range chromatin interactions
or DNA looping (Mateos-Langerak and Cavalli, 2008) and that
this chromatin conformation may occlude access of activating
factors to the DNA template. It remains to be determined
whether the mechanisms that mediate chromatin compaction
and long-range interactions are similar or functionally distinct.
Recruitment of Polycomb Complexes at Genomic
Targets in ESCs
The precise localization of PRC1 and PRC2 within the genome is
necessary to facilitate the specific changes in chromatin and292 Cell Stem Cell 7, September 3, 2010 ª2010 Elsevier Inc.gene expression states that accompany lineage commitment.
Because PcG proteins have no known DNA binding activity,
they may require other factors for proper recruitment to
target sites. Although considerable prior knowledge exists in
Drosophila, how PcG proteins recognize specific regions within
the billions of base pairs of DNA in mammals is still poorly under-
stood. Below, we present recent work that suggests roles for
DNA binding elements, transcription factors, accessory factors,
and noncoding RNA in this process. These seemingly disparate
pathways probably collaborate to regulate the targeting of
Polycomb complexes and transcriptional fine-tuning of develop-
mental programs in ESCs.
A Potential PRE Targets Polycomb Complexes
to the HoxD Locus in ESCs
In Drosophila, Polycomb complexes bind to specific sites in the
genome called Polycomb response elements (PREs) (Mu¨ller and
Kassis, 2006; Ringrose and Paro, 2007; Schuettengruber and
Cavalli, 2009; Simon and Kingston, 2009). PREs contain clusters
of DNA binding sites for several transcription factors, whose
binding can mediate the recruitment of Polycomb complexes.
Despite the wealth of available sequence data generated from
high-throughput analyses of PcG binding sites in mammals, an
analogous system has yet to emerge. Thus, evidence for tran-
scription factor-mediated recruitment of PcG proteins is lacking
in mammals.
Recently, two studies have each identified a cell-type-specific
putative mammalian PRE (Sing et al., 2009; Woo et al., 2010).
The first potential mammalian PRE identified was an element
regulating the expression of a hindbrain segmentation gene,
MafB/Kreisler, which can recruit both PRC1 and, less strongly,
PRC2 to induce silencing of an ectopically introduced transgene
in both flies and mice (Sing et al., 2009). Importantly, Sing et al.
also provided genetic evidence for in vivo PRE function in the
mammalian hindbrain, suggesting this PRE is not an artifact of
an in vitro assay. PRCs occupy the entire HoxD locus in ESCs,
but it was not known how PcG proteins were targeted to this
AB
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Figure 3. Potential Mechanisms of Polycomb
Recruitment
(A) A potential Polycomb response element (PRE) may
recruit PcG complexes to the HoxD locus in human
ESCs. This element harbors several YY1 transcription
factor binding sites and repression by this element of
a reporter gene was modestly dependent on PRC2
and PRC1, intact YY1 binding sites and the YY1-
binding protein RYBP.
(B) JARID2 copurifies with PRC2 components and
occupies a similar set of target genes in ESCs. PCL2
also associates with PRC2 in ESCs in a biochemically
separate complex. Although PCL2 may potentiate the
histone methyltransferase activity of EZH2, the effect
of JARID2 is less clear.
(C) PRC2 may interact with noncoding RNAs to regu-
late gene expression in cis or in trans, potentially by
the noncoding RNAs acting as scaffolds that mediate
interactions with chromatin modifying complexes,
including PRC2.
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between HOXD11 and HOXD12 (D11.12) was identified as
a potential PREwith a remarkable approach that analyzed nucle-
osome position, nuclease sensitivity, and H3K27me3 modifica-
tion profiles across this locus during hESC differentiation (Woo
et al., 2010). The D11.12 element displayed characteristics
similar to Drosophila PREs in that it was able to repress the
expression of an ectopic reporter gene. Moreover, this activity
was moderately dependent on BMI1, a core component of
PRC1, and to a lesser extent SUZ12, a PRC2 component.
RYBP, a known Yin yang 1 (YY1) binding protein that interacts
with PRC1, also appears to modestly influence the targeting of
PRC1 to the D11.12 region (Figure 3A).
Further analysis revealed several YY1 consensus-binding
sites within the HOXD PRE, as well as in the mouse hindbrain
MafB/Kreisler PRE. YY1 is the vertebrate homolog of PHO,
a DNA binding factor that can recruit PcG proteins to Drosophila
PREs (Brown et al., 1998; Wang et al., 2004b). Similar to PRC2
mutants, loss of Yy1 in mice leads to embryonic lethality around
the time of implantation (Donohoe et al., 1999). Although YY1
occupancy was coincident with PRC enrichment at the HOXD
PRE region in ChIP assays, loss of YY1 binding sites had only
a moderate effect on reporter repression. This suggests that
YY1 is not deterministic for PRC recruitment to potential PREsCell Stem Cellin mammals. Although promising, future
studies will also need to address the conse-
quences of deleting D11.12 on in vivo func-
tion and on the regulation of Hox gene
expression at the endogenous locus during
ESC differentiation.
Indeed, other studies argue against
making simple conclusions about a targeting
role for YY1. Although PHO is a component
of PRC2 in Drosophila, evidence is lacking
for a similar association between YY1 and
PRC2 inmESCs (Li et al., 2010). For example,
the binding sites for YY1 and PcG proteins
do not directly overlap in murine embryonal
cells (Squazzo et al., 2006). In fact, the vast
majority of PRC2 binding sites in ESCs over-lap with highly conserved CpG islands that are enriched for
a variety of transcription factor binding sites (Ku et al., 2008;
Tanay et al., 2007). Moreover, the collective enrichment of
a set of transcription factor binding sites (e.g., MYC, E2F1,
ZF5, TCFCP2L1, and CTCF) could also predict PcG occupancy
with some success (Liu et al., 2010). Thus, it remains to be deter-
mined whether transcription factors play a predominant role in
PRC recruitment during mammalian development. It is likely
that PRC recruitment to specific genomic sites involves a consid-
erably more complex set of interactions including cell-type-
specific cofactors as well as noncoding RNA (see below). DNA
sequence or structural features as well as the neighboring chro-
matin may also be relevant.
JARID2 and PCL2/MTF2 Associate with PRC2 in ESCs
Five groups have identified JARID2 as a previously unreported
component of PRC2 in ESCs (Landeira et al., 2010; Li et al.,
2010; Pasini et al., 2010; Peng et al., 2009; Shen et al., 2009).
JARID2 is the founding member of the Jumonji C (JMJC) domain
protein family of histone demethylases that remove methyl
groups from lysine residues. Thus, the association of JARID2
with PRC2 is predicted to be important for the balance between
gene expression states. However, JARID2 lacks key residues
for cofactor binding and so it is catalytically inactive (Cloos7, September 3, 2010 ª2010 Elsevier Inc. 293
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tiated cells and decrease during differentiation (Mikkelsen et al.,
2007; Walker et al., 2007; Zhou et al., 2007), suggesting that
JARID2-PRC2 may be unique to ESCs. In further support, key
pluripotency factors including OCT4, SOX2, and NANOG
occupy the JARID2 promoter (Boyer et al., 2005; Kim et al.,
2008), connecting its expression to the ESC transcriptional regu-
latory network. These data indicate that the JARID2-PRC2
complex represents a significant fraction of PRC2 in ESCs.
What is the function of JARID2 in PRC2? JARID2 can directly
bind DNA through its C terminus (Li et al., 2010), suggesting that
it directly recruits PRC2 to genomic sites (Figure 3B). Consistent
with this, JARID2 co-occupied the same regions of the genome
as PRC2. Moreover, PRC2 binding was diminished upon deple-
tion of Jarid2 (Landeira et al., 2010; Li et al., 2010; Pasini et al.,
2010; Peng et al., 2009; Shen et al., 2009) and JARID2 localiza-
tion was dependent on PRC2 (Peng et al., 2009; Shen et al.,
2009). PRC1 was also diminished upon JARID2 depletion (Land-
eira et al., 2010; Pasini et al., 2010), but this may be a conse-
quence of loss of PRC2 at these regions. In addition to its recruit-
ment role, JARID2 also regulates the histone methyltransferase
activity of PRC2. Apparently, JARID2 can potentiate (Landeira
et al., 2010; Li et al., 2010; Pasini et al., 2010) or attenuate
(Peng et al., 2009; Shen et al., 2009) the catalytic activity of the
complex. Regardless of the differences in the in vitro assay
employed in each study, the reports generally agree that deple-
tion of JARID2 reduces PRC2 recruitment to the target genes,
albeit more substantially than H3K27me3 levels at those targets.
These observations are also consistent with JARID2-indepen-
dent mechanisms that maintain basal levels of PRC2 at genomic
targets.
Whereas Jarid2-deficient ESCs displayed defects in their
ability to differentiate in later stages of neural progenitor and
embryoid body formation (Li et al., 2010; Pasini et al., 2010;
Shen et al., 2009), Jarid2 null embryos proceeded further in
development (Takeuchi et al., 1995) as compared to PRC2
mutants (see Table 1). Although this is consistent with the idea
that JARID2 is not necessary to carry out all of PRC2 function,
substantial evidence does support a role for JARID2-PRC2 in
regulating gene expression in ESCs. Thus, the precise roles of
JARID2 in ESCs remain to be elucidated.
Several recent studies, including three discussed above,
reported the identification of a PCL2/MTF2 (Polycomb-like
2/ metal response element-binding transcription factor 2)-
containing PRC2 complex in mESCs (Landeira et al., 2010; Li
et al., 2010; Shen et al., 2009; Walker et al., 2010). PCL2 is one
of three homologs of Drosophila Polycomb-like (dPcl), suggest-
ing that it functions as a bona fide PcG protein. PCL2-PRC2
occupied a subset of PcG target genes in ESCs in a similar
pattern as PRC2 (Li et al., 2010; Walker et al., 2010) and
appeared to promote H3K27 trimethylation (Walker et al.,
2010) (Figure 3B). On the basis of the gene expression effects
observed upon PCL2 depletion in ESCs, the authors speculate
that PCL2-PRC2 may function to regulate self-renewal to enable
an appropriate response to differentiation cues. Notably, OCT4
and NANOG occupy the Pcl2 promoter in mESCs (Loh et al.,
2006), and Pcl2 levels decrease upon differentiation (Walker
et al., 2010; Walker et al., 2007). Thus, similar to Jarid2, Pcl2
gene expression may also be connected to the pluripotency294 Cell Stem Cell 7, September 3, 2010 ª2010 Elsevier Inc.transcriptional regulatory network. Although this complex may
also copurify with JARID2, current evidence supports the
existence of biochemically distinct PRC2-like complexes
(Landeira et al., 2010; Li et al., 2010; Shen et al., 2009). Interest-
ingly, Pcl2 mutant mice display a phenotype more consistent
with PRC1 knockouts, including posterior transformation of axial
skeletons (Wang et al., 2007). It is possible that Pcl genes have
critical roles for PRC2 function, but that this has yet to be appre-
ciated because of the redundancy among these genes.
It is increasingly evident that the diversity of Polycomb
complexes has functional consequences on gene expression as
well as biological output. Moreover, PRC2 recruitment and the
regulation of its enzymatic activity appear to be closely linked.
Thus, PRC2 compositionmust be consideredwhen investigating
the effects of PRCs on gene regulation in pluripotent versus
lineage-committed cells. These data also support the idea that
multiple modes of recruitment are necessary to achieve the
proper regulation of target genes (and PRCs) during cell fate
transitions.
Noncoding RNA—Partners in Polycomb-Mediated Gene
Regulation or Recruitment?
Recent work has highlighted possible roles for noncoding RNA
(ncRNA) in the recruitment and regulation of Polycomb
complexes (Koziol and Rinn, 2010; Morris, 2009; Ponting et al.,
2009) (Figure 3C). In particular, long noncoding RNAs, defined
by a length >200 nt and by the lack of protein coding capacity
(Ponting et al., 2009), have recently garnered much of the spot-
light. Interestingly, HOTAIR, a long noncoding RNA transcribed
from the HOXC locus in human fibroblasts, interacts with
SUZ12 and recruits PRC2 to the HOXD locus in trans (Rinn
et al., 2007). Consistent with an important function, the misregu-
lation of HOTAIR can promote cancer metastasis (Gupta et al.,
2010). Other studies demonstrate that long noncoding RNAs
that interact with PRC2, including Xist (Zhao et al., 2008) and
Kcnq1ot1 (Pandey et al., 2008) function in cis to recruit PRCs
to the inactive X chromosome or the Kcnq1 imprinted locus,
respectively, in order to initiate changes in chromatin structure.
Future studies will determine whether this phenomenon repre-
sents a more widespread mechanism for the recruitment of
PRC2 to genomic sites in ESCs.
Nearly one-fifth of the 3300 large intergenic noncoding
RNAs (lincRNAs), identified by a different group, associated with
Polycomb complexes in various cell types including ESCs
(Guttman et al., 2009; Khalil et al., 2009). Although many of these
interactions require validation, the large number of interacting
ncRNAs suggests that there are structural features shared
among these lincRNAs. This idea is supported by a study
showing that HOTAIR may act as a scaffold for interactions
with other histone modifiers (Tsai et al., 2010). The role of
ncRNAs in regulating PcG-mediated cell fate transitions is
still emerging; however, it is interesting to speculate that many
lincRNAs could be acting to mediate crosstalk between epige-
netic regulators in a cell-type-specific fashion. Consequently,
many long ncRNAs appear to be developmentally regulated,
suggesting a function for this class of RNAs in mediating cell
fate transitions (Dinger et al., 2008), but this intriguing possibility
requires further study. Thus, defining the set of lincRNAs that
interact with PcG complexes and their modes of action during
Cell Stem Cell
ReviewESC differentiation will be a critical step toward understanding
the role of long ncRNAs in mediating cell fate transitions.
In addition to long ncRNAs, new evidence suggests that CpG-
rich sequences, which are highly enriched near Polycomb target
genes (Ku et al., 2008; Mikkelsen et al., 2007), produce short
transcripts (50–200 nt) (Kanhere et al., 2010). Remarkably,
these transcripts can interact with SUZ12 leading to recruitment
of PRC2 and repression of the associatedmRNA transcript in cis.
Interestingly, this interaction depended on an intact double
stem-loop structure within the RNA, suggesting that a conserved
structure rather than a defined sequence mediates the function
of this class of ncRNAs (Figure 3C). Consistent with a regulatory
role, the authors found that an increase in mRNA production of
PcG target genes corresponded with a decrease in the level of
associated short RNAs. Although this study was largely per-
formed in T cells, production of short RNAs near PcG target
genes was also shown in ESCs, indicating that this could be
a widespread mechanism. How the production of these short
transcripts is regulated and how they may relate to CpG islands
and DNA methylation status in ESCs still needs to be investi-
gated, but this study highlights the complex interplay of mecha-
nisms that may be instrumental for the proper localization and
regulation of Polycomb in specific cell types.
Concluding Remarks
Current evidence indicates that PcG proteins set the stage in
ESCs for the acquisition and maintenance of specific develop-
mental gene expression programs during development. PRCs
catalyze the posttranslational modification of histones to control
developmental gene expression patterns. The physical presence
of the PcG proteins themselvesmay also contribute to chromatin
compaction, chromatin interactions, and gene silencing. Recent
developments in the field indicate that PRCs work in conjunction
with a range of other factors in a cell-type-specific manner. Such
varied and diverse functions ascribed to PRCs are likely to be
important for the transcriptional fine-tuning of the large number
of target genes during lineage commitment.
Overwhelming evidence suggests that mis-regulation of PcG
proteins, such as EZH2 and BMI1, is correlated with cancer
progression. Given that transformed cells share many features
with stem cells, functional analysis of PRC1 and PRC2 in ESCs
may also contribute important new clues for understanding the
progression from a normal to disease state and might also lead
to the identification of new biomarkers or small molecule inhibi-
tors. The potential discovery of mechanisms that govern the
recruitment of PcG proteins to target sites in the genome may
also facilitate efforts to direct the differentiation of stem cells
in vitro and to control disease progression in vivo. Therefore,
continued efforts to unravel the complexities of how PcG
proteins function to control gene expression in pluripotent cells
has practical significance for understanding development and
for treating disease.
ACKNOWLEDGMENTS
We are thankful to members of the Boyer lab, especially Vidya Subramanian,
for helpful discussions and for critical comments on the manuscript. L.A.B. is
a Pew Scholar in the Biomedical Sciences. This work was supported by the
Massachusetts Life Sciences Center and Smith Family Foundation for Excel-
lence in Biomedical Research.REFERENCES
Agger, K., Cloos, P.A.C., Christensen, J., Pasini, D., Rose, S., Rappsilber, J.,
Issaeva, I., Canaani, E., Salcini, A.E., and Helin, K. (2007). UTX and JMJD3
are histone H3K27 demethylases involved in HOX gene regulation and
development. Nature 449, 731–734.
Akasaka, T., van Lohuizen, M., van der Lugt, N., Mizutani-Koseki, Y., Kanno,
M., Taniguchi, M., Vidal, M., Alkema, M., Berns, A., and Koseki, H. (2001).
Mice doubly deficient for the Polycomb Group genes Mel18 and Bmi1 reveal
synergy and requirement for maintenance but not initiation of Hox gene
expression. Development 128, 1587–1597.
Azuara, V., Perry, P., Sauer, S., Spivakov, M., Jørgensen, H.F., John, R.M.,
Gouti, M., Casanova, M., Warnes, G., Merkenschlager, M., and Fisher, A.G.
(2006). Chromatin signatures of pluripotent cell lines. Nat. Cell Biol. 8, 532–538.
Bernstein, B.E., Mikkelsen, T.S., Xie, X., Kamal, M., Huebert, D.J., Cuff, J., Fry,
B., Meissner, A., Wernig, M., Plath, K., et al. (2006). A bivalent chromatin
structure marks key developmental genes in embryonic stem cells. Cell 125,
315–326.
Boyer, L.A., Lee, T.I., Cole, M.F., Johnstone, S.E., Levine, S.S., Zucker, J.P.,
Guenther, M.G., Kumar, R.M., Murray, H.L., Jenner, R.G., et al. (2005). Core
transcriptional regulatory circuitry in human embryonic stem cells. Cell 122,
947–956.
Boyer, L.A., Mathur, D., and Jaenisch, R. (2006a). Molecular control of pluripo-
tency. Curr. Opin. Genet. Dev. 16, 455–462.
Boyer, L.A., Plath, K., Zeitlinger, J., Brambrink, T., Medeiros, L.A., Lee, T.I.,
Levine, S.S., Wernig, M., Tajonar, A., Ray, M.K., et al. (2006b). Polycomb
complexes repress developmental regulators in murine embryonic stem cells.
Nature 441, 349–353.
Bracken, A.P., and Helin, K. (2009). Polycomb group proteins: Navigators of
lineage pathways led astray in cancer. Nat. Rev. Cancer 9, 773–784.
Brown, J.L., Mucci, D., Whiteley, M., Dirksen, M.L., and Kassis, J.A. (1998).
The Drosophila Polycomb group gene pleiohomeotic encodes a DNA binding
protein with homology to the transcription factor YY1. Mol. Cell 1, 1057–1064.
Cao, R., and Zhang, Y. (2004). SUZ12 is required for both the histone methyl-
transferase activity and the silencing function of the EED-EZH2 complex. Mol.
Cell 15, 57–67.
Cao, R., Wang, L., Wang, H., Xia, L., Erdjument-Bromage, H., Tempst, P.,
Jones, R.S., and Zhang, Y. (2002). Role of histone H3 lysine 27 methylation
in Polycomb-group silencing. Science 298, 1039–1043.
Chamberlain, S.J., Yee, D., and Magnuson, T. (2008). Polycomb repressive
complex 2 is dispensable for maintenance of embryonic stem cell pluripo-
tency. Stem Cells 26, 1496–1505.
Chambeyron, S., and Bickmore, W.A. (2004). Chromatin decondensation and
nuclear reorganization of the HoxB locus upon induction of transcription.
Genes Dev. 18, 1119–1130.
Cloos, P.A.C., Christensen, J., Agger, K., and Helin, K. (2008). Erasing the
methyl mark: Histone demethylases at the center of cellular differentiation
and disease. Genes Dev. 22, 1115–1140.
Cole, M.F., and Young, R.A. (2008). Mapping key features of transcriptional
regulatory circuitry in embryonic stem cells. Cold Spring Harb. Symp. Quant.
Biol. 73, 183–193.
Core´, N., Bel, S., Gaunt, S.J., Aurrand-Lions, M., Pearce, J., Fisher, A., and
Djabali, M. (1997). Altered cellular proliferation and mesoderm patterning in
Polycomb-M33-deficient mice. Development 124, 721–729.
Czermin, B., Melfi, R., McCabe, D., Seitz, V., Imhof, A., and Pirrotta, V. (2002).
Drosophila enhancer of Zeste/ESC complexes have a histone H3methyltrans-
ferase activity that marks chromosomal Polycomb sites. Cell 111, 185–196.
de Napoles, M., Mermoud, J.E., Wakao, R., Tang, Y.A., Endoh, M., Appanah,
R., Nesterova, T.B., Silva, J., Otte, A.P., Vidal, M., et al. (2004). Polycomb
group proteins Ring1A/B link ubiquitylation of histone H2A to heritable gene
silencing and X inactivation. Dev. Cell 7, 663–676.
del Mar Lorente, M., Marcos-Gutie´rrez, C., Pe´rez, C., Schoorlemmer, J.,
Ramı´rez, A., Magin, T., and Vidal, M. (2000). Loss- and gain-of-functionCell Stem Cell 7, September 3, 2010 ª2010 Elsevier Inc. 295
Cell Stem Cell
Reviewmutations show a polycomb group function for Ring1A in mice. Development
127, 5093–5100.
Dellino, G.I., Schwartz, Y.B., Farkas, G., McCabe, D., Elgin, S.C.R., and
Pirrotta, V. (2004). Polycomb silencing blocks transcription initiation. Mol.
Cell 13, 887–893.
Dinger, M.E., Amaral, P.P., Mercer, T.R., Pang, K.C., Bruce, S.J., Gardiner,
B.B., Askarian-Amiri, M.E., Ru, K., Solda`, G., Simons, C., et al. (2008). Long
noncoding RNAs in mouse embryonic stem cell pluripotency and differentia-
tion. Genome Res. 18, 1433–1445.
Donohoe, M.E., Zhang, X., McGinnis, L., Biggers, J., Li, E., and Shi, Y. (1999).
Targeted disruption of mouse Yin Yang 1 transcription factor results in peri-
implantation lethality. Mol. Cell. Biol. 19, 7237–7244.
Duncan, I.M. (1982). Polycomblike: A gene that appears to be required for the
normal expression of the bithorax and antennapedia gene complexes of
Drosophila melanogaster. Genetics 102, 49–70.
Endoh, M., Endo, T.A., Endoh, T., Fujimura, Y.-i., Ohara, O., Toyoda, T., Otte,
A.P., Okano, M., Brockdorff, N., Vidal, M., and Koseki, H. (2008). Polycomb
group proteins Ring1A/B are functionally linked to the core transcriptional
regulatory circuitry to maintain ES cell identity. Development 135, 1513–1524.
Eskeland, R., Leeb, M., Grimes, G.R., Kress, C., Boyle, S., Sproul, D., Gilbert,
N., Fan, Y., Skoultchi, A.I., Wutz, A., and Bickmore, W.A. (2010). Ring1B
compacts chromatin structure and represses gene expression independent
of histone ubiquitination. Mol. Cell 38, 452–464.
Faust, C., Schumacher, A., Holdener, B., and Magnuson, T. (1995). The eed
mutation disrupts anterior mesoderm production in mice. Development 121,
273–285.
Faust, C., Lawson, K.A., Schork, N.J., Thiel, B., and Magnuson, T. (1998). The
Polycomb-group gene eed is required for normal morphogenetic movements
during gastrulation in the mouse embryo. Development 125, 4495–4506.
Fischle, W., Wang, Y., Jacobs, S.A., Kim, Y., Allis, C.D., and Khorasanizadeh,
S. (2003). Molecular basis for the discrimination of repressive methyl-lysine
marks in histone H3 by Polycomb and HP1 chromodomains. Genes Dev. 17,
1870–1881.
Fisher, C.L., Randazzo, F., Humphries, R.K., and Brock, H.W. (2006). Charac-
terization of Asxl1, a murine homolog of Additional sex combs, and analysis of
the Asx-like gene family. Gene 369, 109–118.
Francis, N.J., Saurin, A.J., Shao, Z., and Kingston, R.E. (2001). Reconstitution
of a functional core polycomb repressive complex. Mol. Cell 8, 545–556.
Francis, N.J., Kingston, R.E., andWoodcock, C.L. (2004). Chromatin compac-
tion by a polycomb group protein complex. Science 306, 1574–1577.
Gieni, R.S., and Hendzel, M.J. (2009). Polycomb group protein gene silencing,
non-coding RNA, stem cells, and cancer. Biochem. Cell Biol. 87, 711–746.
Guenther, M.G., Levine, S.S., Boyer, L.A., Jaenisch, R., and Young, R.A.
(2007). A chromatin landmark and transcription initiation at most promoters
in human cells. Cell 130, 77–88.
Gupta, R.A., Shah, N., Wang, K.C., Kim, J., Horlings, H.M., Wong, D.J., Tsai,
M.-C., Hung, T., Argani, P., Rinn, J.L., et al. (2010). Long non-coding RNA
HOTAIR reprograms chromatin state to promote cancer metastasis. Nature
464, 1071–1076.
Guttman, M., Amit, I., Garber, M., French, C., Lin, M.F., Feldser, D., Huarte, M.,
Zuk, O., Carey, B.W., Cassady, J.P., et al. (2009). Chromatin signature reveals
over a thousand highly conserved large non-coding RNAs inmammals. Nature
458, 223–227.
Hawkins, R.D., Hon, G.C., Lee, L.K., Ngo, Q., Lister, R., Pelizzola, M., Edsall,
L.E., Kuan, S., Luu, Y., Klugman, S., et al. (2010). Distinct epigenomic land-
scapes of pluripotent and lineage-committed human cells. Cell Stem Cell 6,
479–491.
Hong, S., Cho, Y.-W., Yu, L.-R., Yu, H., Veenstra, T.D., and Ge, K. (2007). Iden-
tification of JmjC domain-containing UTX and JMJD3 as histone H3 lysine 27
demethylases. Proc. Natl. Acad. Sci. USA 104, 18439–18444.
Jaenisch, R., and Young, R. (2008). Stem cells, the molecular circuitry of
pluripotency and nuclear reprogramming. Cell 132, 567–582.296 Cell Stem Cell 7, September 3, 2010 ª2010 Elsevier Inc.Joo, H.-Y., Zhai, L., Yang, C., Nie, S., Erdjument-Bromage, H., Tempst, P.,
Chang, C., and Wang, H. (2007). Regulation of cell cycle progression and
gene expression by H2A deubiquitination. Nature 449, 1068–1072.
Jung, H.R., Pasini, D., Helin, K., and Jensen, O.N. (2010). Quantitative mass
spectrometry of histone H3.2 and H3.3 in Suz12 deficient mouse ESCs reveals
distinct, dynamic post-translational modifications at K27 and K36. Mol. Cell.
Prot. 9, 838–850.
Jung, J., Kim, T.-G., Lyons, G.E., Kim, H.-R.C., and Lee, Y. (2005). Jumonji
regulates cardiomyocyte proliferation via interaction with retinoblastoma
protein. J Biol. Chem. 280, 30916–30923.
Ju¨rgens, G. (1985). A group of genes controlling the spatial expression of the
bithorax complex in Drosophila. Nature 316, 153–155.
Kallin, E.M., Cao, R., Jothi, R., Xia, K., Cui, K., Zhao, K., and Zhang, Y. (2009).
Genome-wide uH2A localization analysis highlights Bmi1-dependent deposi-
tion of the mark at repressed genes. PLoS Genet. 5, e1000506.
Kanhere, A., Viiri, K., Arau´jo, C.C., Rasaiyaah, J., Bouwman, R.D., Whyte,
W.A., Pereira, C.F., Brookes, E., Walker, K., Bell, G.W., et al. (2010). Short
RNAs are transcribed from repressed polycomb target genes and interact
with polycomb repressive complex-2. Mol. Cell 38, 675–688.
Keller, G. (2005). Embryonic stem cell differentiation: Emergence of a new era
in biology and medicine. Genes Dev. 19, 1129–1155.
Kerppola, T.K. (2009). Polycomb group complexes–many combinations, many
functions. Trends Cell Biol. 19, 692–704.
Khalil, A.M., Guttman, M., Huarte, M., Garber, M., Raj, A., Rivea Morales, D.,
Thomas, K., Presser, A., Bernstein, B., van Oudenaarden, A., et al. (2009).
Many human large intergenic noncoding RNAs associate with chromatin-
modifying complexes and affect gene expression. Proc. Natl. Acad. Sci.
USA 106, 11675–11680.
Kim, J., Chu, J., Shen, X., Wang, J., and Orkin, S.H. (2008). An extended
transcriptional network for pluripotency of embryonic stem cells. Cell 132,
1049–1061.
Kirmizis, A., Bartley, S.M., Kuzmichev, A., Margueron, R., Reinberg, D., Green,
R., and Farnham, P.J. (2004). Silencing of human polycomb target genes is
associated with methylation of histone H3 Lys 27. Genes Dev. 18, 1592–1605.
Kmita, M., andDuboule, D. (2003). Organizing axes in time and space; 25 years
of colinear tinkering. Science 301, 331–333.
Koziol, M.J., and Rinn, J.L. (2010). RNA traffic control of chromatin complexes.
Curr. Opin. Genet. Dev. 20, 142–148.
Ku, M., Koche, R.P., Rheinbay, E., Mendenhall, E.M., Endoh, M., Mikkelsen,
T.S., Presser, A., Nusbaum, C., Xie, X., Chi, A.S., et al. (2008). Genomewide
analysis of PRC1 and PRC2 occupancy identifies two classes of bivalent
domains. PLoS Genet. 4, e1000242.
Kuzmichev, A., Nishioka, K., Erdjument-Bromage, H., Tempst, P., and
Reinberg, D. (2002). Histone methyltransferase activity associated with
a human multiprotein complex containing the Enhancer of Zeste protein.
Genes Dev. 16, 2893–2905.
Lan, F., Bayliss, P.E., Rinn, J.L., Whetstine, J.R., Wang, J.K., Chen, S., Iwase,
S., Alpatov, R., Issaeva, I., Canaani, E., et al. (2007). A histone H3 lysine 27
demethylase regulates animal posterior development. Nature 449, 689–694.
Lan, F., Nottke, A.C., and Shi, Y. (2008). Mechanisms involved in the regulation
of histone lysine demethylases. Curr. Opin. Cell Biol. 20, 316–325.
Landeira, D., Sauer, S., Poot, R., Dvorkina, M., Mazzarella, L., Jørgensen, H.F.,
Pereira, C.F., Leleu, M., Piccolo, F.M., Spivakov, M., et al. (2010). Jarid2 is
a PRC2 component in embryonic stem cells required for multi-lineage differen-
tiation and recruitment of PRC1 and RNA Polymerase II to developmental
regulators. Nat. Cell Biol. 12, 618–624.
Lee, T.I., Jenner, R.G., Boyer, L.A., Guenther, M.G., Levine, S.S., Kumar, R.M.,
Chevalier, B., Johnstone, S.E., Cole, M.F., Isono, K.-i., et al. (2006). Control of
developmental regulators by Polycomb in human embryonic stem cells. Cell
125, 301–313.
Lee, M.G., Villa, R., Trojer, P., Norman, J., Yan, K.-P., Reinberg, D., Di Croce,
L., and Shiekhattar, R. (2007). Demethylation of H3K27 regulates polycomb
recruitment and H2A ubiquitination. Science 318, 447–450.
Cell Stem Cell
ReviewLeeb, M., and Wutz, A. (2007). Ring1B is crucial for the regulation of develop-
mental control genes and PRC1 proteins but not X inactivation in embryonic
cells. J. Cell Biol. 178, 219–229.
Leeb,M., Pasini, D., Novatchkova,M., Jaritz,M., Helin, K., andWutz, A. (2010).
Polycomb complexes act redundantly to repress genomic repeats and genes.
Genes Dev. 24, 265–276.
Levine, S.S., King, I.F.G., and Kingston, R.E. (2004). Division of labor in
polycomb group repression. Trends Biochem. Sci. 29, 478–485.
Lewis, E.B. (1978). A gene complex controlling segmentation in Drosophila.
Nature 276, 565–570.
Li, G., Margueron, R., Ku, M., Chambon, P., Bernstein, B.E., and Reinberg, D.
(2010). Jarid2 and PRC2, partners in regulating gene expression. Genes Dev.
24, 368–380.
Liu, Y., Shao, Z., and Yuan, G.-C. (2010). Prediction of Polycomb target genes
in mouse embryonic stem cells. Genomics 96, 17–26.
Loh, Y.-H., Wu, Q., Chew, J.-L., Vega, V.B., Zhang, W., Chen, X., Bourque, G.,
George, J., Leong, B., Liu, J., et al. (2006). The Oct4 and Nanog transcription
network regulates pluripotency in mouse embryonic stem cells. Nat. Genet.
38, 431–440.
Loh, Y.H., Ng, J.H., and Ng, H.H. (2008). Molecular framework underlying
pluripotency. Cell Cycle 7, 885–891.
Macarthur, B.D., Ma’ayan, A., and Lemischka, I.R. (2009). Systems biology
of stem cell fate and cellular reprogramming. Nat. Rev. Mol. Cell Biol. 10,
672–681.
Mallo, M., Wellik, D.M., and Deschamps, J. (2010). Hox genes and regional
patterning of the vertebrate body plan. Dev. Biol. 344, 7–15.
Mateos-Langerak, J., and Cavalli, G. (2008). Polycomb group proteins and
long-range gene regulation. Adv. Genet. 61, 45–66.
Mattout, A., and Meshorer, E. (2010). Chromatin plasticity and genome orga-
nization in pluripotent embryonic stem cells. Curr. Opin. Cell Biol. 22, 334–341.
Meissner, A., Mikkelsen, T.S., Gu, H., Wernig, M., Hanna, J., Sivachenko, A.,
Zhang, X., Bernstein, B.E., Nusbaum, C., Jaffe, D.B., et al. (2008). Genome-
scale DNA methylation maps of pluripotent and differentiated cells. Nature
454, 766–770.
Meshorer, E., Yellajoshula, D., George, E., Scambler, P.J., Brown, D.T., and
Misteli, T. (2006). Hyperdynamic plasticity of chromatin proteins in pluripotent
embryonic stem cells. Dev. Cell 10, 105–116.
Mikkelsen, T.S., Ku, M., Jaffe, D.B., Issac, B., Lieberman, E., Giannoukos, G.,
Alvarez, P., Brockman,W., Kim, T.-K., Koche, R.P., et al. (2007). Genome-wide
maps of chromatin state in pluripotent and lineage-committed cells. Nature
448, 553–560.
Min, J., Zhang, Y., and Xu, R.-M. (2003). Structural basis for specific binding of
Polycomb chromodomain to histone H3 methylated at Lys 27. Genes Dev. 17,
1823–1828.
Mohn, F., Weber, M., Rebhan, M., Roloff, T.C., Richter, J., Stadler, M.B., Bibel,
M., and Schu¨beler, D. (2008). Lineage-specific polycomb targets and de novo
DNA methylation define restriction and potential of neuronal progenitors. Mol.
Cell 30, 755–766.
Montgomery, N.D., Yee, D., Chen, A., Kalantry, S., Chamberlain, S.J., Otte,
A.P., and Magnuson, T. (2005). The murine polycomb group protein Eed is
required for global histone H3 lysine-27 methylation. Curr. Biol. 15, 942–947.
Morey, C., Da Silva, N.R., Perry, P., and Bickmore, W.A. (2007). Nuclear
reorganisation and chromatin decondensation are conserved, but distinct,
mechanisms linked to Hox gene activation. Development 134, 909–919.
Morris, K.V. (2009). Long antisense non-coding RNAs function to direct
epigenetic complexes that regulate transcription in human cells. Epigenetics
4, 296–301.
Motoyama, J., Kitajima, K., Kojima, M., Kondo, S., and Takeuchi, T. (1997).
Organogenesis of the liver, thymus and spleen is affected in jumonji mutant
mice. Mech. Dev. 66, 27–37.Mu¨ller, J., and Kassis, J.A. (2006). Polycomb response elements and targeting
of Polycomb group proteins in Drosophila. Curr. Opin. Genet. Dev. 16,
476–484.
Mu¨ller, J., and Verrijzer, P. (2009). Biochemical mechanisms of gene regulation
by polycomb group protein complexes. Curr. Opin. Genet. Dev. 19, 150–158.
Murry, C.E., and Keller, G. (2008). Differentiation of embryonic stem cells to
clinically relevant populations: Lessons from embryonic development. Cell
132, 661–680.
O’Carroll, D., Erhardt, S., Pagani, M., Barton, S.C., Surani, M.A., and
Jenuwein, T. (2001). The polycomb-group gene Ezh2 is required for early
mouse development. Mol. Cell. Biol. 21, 4330–4336.
Orkin, S.H., Wang, J., Kim, J., Chu, J., Rao, S., Theunissen, T.W., Shen, X., and
Levasseur, D.N. (2008). The transcriptional network controlling pluripotency in
ES cells. Cold Spring Harb. Symp. Quant. Biol. 73, 195–202.
Pan, G., Tian, S., Nie, J., Yang, C., Ruotti, V., Wei, H., Jonsdottir, G.A., Stewart,
R., and Thomson, J.A. (2007). Whole-genome analysis of histone H3 lysine 4
and lysine 27 methylation in human embryonic stem cells. Cell Stem Cell 1,
299–312.
Pandey, R.R.,Mondal, T., Mohammad, F., Enroth, S., Redrup, L., Komorowski,
J., Nagano, T., Mancini-Dinardo, D., and Kanduri, C. (2008). Kcnq1ot1 anti-
sense noncoding RNA mediates lineage-specific transcriptional silencing
through chromatin-level regulation. Mol. Cell 32, 232–246.
Pasini, D., Bracken, A.P., Jensen, M.R., Lazzerini Denchi, E., and Helin, K.
(2004). Suz12 is essential for mouse development and for EZH2 histone
methyltransferase activity. EMBO J. 23, 4061–4071.
Pasini, D., Bracken, A.P., Hansen, J.B., Capillo, M., and Helin, K. (2007). The
polycomb group protein Suz12 is required for embryonic stem cell differentia-
tion. Mol. Cell. Biol. 27, 3769–3779.
Pasini, D., Cloos, P.A.C., Walfridsson, J., Olsson, L., Bukowski, J.-P.,
Johansen, J.V., Bak, M., Tommerup, N., Rappsilber, J., and Helin, K. (2010).
JARID2 regulates binding of the Polycomb repressive complex 2 to target
genes in ES cells. Nature 464, 306–310.
Peng, J.C., Valouev, A., Swigut, T., Zhang, J., Zhao, Y., Sidow, A., and
Wysocka, J. (2009). Jarid2/Jumonji coordinates control of PRC2 enzymatic
activity and target gene occupancy in pluripotent cells. Cell 139, 1290–1302.
Pietersen, A.M., and van Lohuizen, M. (2008). Stem cell regulation by poly-
comb repressors: Postponing commitment. Curr. Opin. Cell Biol. 20, 201–207.
Ponting, C.P., Oliver, P.L., and Reik, W. (2009). Evolution and functions of long
noncoding RNAs. Cell 136, 629–641.
Ringrose, L., and Paro, R. (2007). Polycomb/Trithorax response elements and
epigenetic memory of cell identity. Development 134, 223–232.
Rinn, J.L., Kertesz, M., Wang, J.K., Squazzo, S.L., Xu, X., Brugmann, S.A.,
Goodnough, L.H., Helms, J.A., Farnham, P.J., Segal, E., and Chang, H.Y.
(2007). Functional demarcation of active and silent chromatin domains in
human HOX loci by noncoding RNAs. Cell 129, 1311–1323.
Sauvageau, M., and Sauvageau, G. (2010). Polycomb group proteins: Multi-
faceted regulators of somatic stem cells and cancer. Cell Stem Cell 7, this
issue, 299–313.
Scheuermann, J.C., de Ayala Alonso, A.G., Oktaba, K., Ly-Hartig, N., McGinty,
R.K., Fraterman, S., Wilm, M., Muir, T.W., and Mu¨ller, J. (2010). Histone H2A
deubiquitinase activity of the Polycomb repressive complex PR-DUB. Nature
465, 243–247.
Schoeftner, S., Sengupta, A.K., Kubicek, S., Mechtler, K., Spahn, L., Koseki,
H., Jenuwein, T., and Wutz, A. (2006). Recruitment of PRC1 function at the
initiation of X inactivation independent of PRC2 and silencing. EMBO J. 25,
3110–3122.
Schuettengruber, B., and Cavalli, G. (2009). Recruitment of polycomb group
complexes and their role in the dynamic regulation of cell fate choice. Devel-
opment 136, 3531–3542.
Schuettengruber, B., Chourrout, D., Vervoort, M., Leblanc, B., and Cavalli, G.
(2007). Genome regulation by polycomb and trithorax proteins. Cell 128,
735–745.Cell Stem Cell 7, September 3, 2010 ª2010 Elsevier Inc. 297
Cell Stem Cell
ReviewShen, X., Liu, Y., Hsu, Y.-J., Fujiwara, Y., Kim, J., Mao, X., Yuan, G.-C., and
Orkin, S.H. (2008). EZH1 mediates methylation on histone H3 lysine 27 and
complements EZH2 in maintaining stem cell identity and executing pluripo-
tency. Mol. Cell 32, 491–502.
Shen, X., Kim, W., Fujiwara, Y., Simon, M.D., Liu, Y., Mysliwiec, M.R., Yuan,
G.-C., Lee, Y., and Orkin, S.H. (2009). Jumonji modulates polycomb activity
and self-renewal versus differentiation of stem cells. Cell 139, 1303–1314.
Shumacher, A., Faust, C., and Magnuson, T. (1996). Positional cloning of
a global regulator of anterior-posterior patterning in mice. Nature 383,
250–253.
Simon, J.A., and Kingston, R.E. (2009). Mechanisms of polycomb gene
silencing: Knowns and unknowns. Nat. Rev. Mol. Cell Biol. 10, 697–708.
Sing, A., Pannell, D., Karaiskakis, A., Sturgeon, K., Djabali, M., Ellis, J.,
Lipshitz, H.D., and Cordes, S.P. (2009). A vertebrate Polycomb response
element governs segmentation of the posterior hindbrain. Cell 138, 885–897.
Soshnikova, N., and Duboule, D. (2009). Epigenetic regulation of vertebrate
Hox genes: A dynamic equilibrium. Epigenetics 4, 537–540.
Sparmann, A., and van Lohuizen, M. (2006). Polycomb silencers control cell
fate, development and cancer. Nat. Rev. Cancer 6, 846–856.
Squazzo, S.L., O’Geen, H., Komashko, V.M., Krig, S.R., Jin, V.X., Jang, S.W.,
Margueron, R., Reinberg, D., Green, R., and Farnham, P.J. (2006). Suz12 binds
to silenced regions of the genome in a cell-type-specific manner. Genome
Res. 16, 890–900.
Stock, J.K., Giadrossi, S., Casanova, M., Brookes, E., Vidal, M., Koseki, H.,
Brockdorff, N., Fisher, A.G., and Pombo, A. (2007). Ring1-mediated ubiquitina-
tion of H2A restrains poised RNA polymerase II at bivalent genes in mouse ES
cells. Nat. Cell Biol. 9, 1428–1435.
Swigut, T., and Wysocka, J. (2007). H3K27 demethylases, at long last. Cell
131, 29–32.
Takeuchi, T., Yamazaki, Y., Katoh-Fukui, Y., Tsuchiya, R., Kondo, S.,
Motoyama, J., and Higashinakagawa, T. (1995). Gene trap capture of a novel
mouse gene, jumonji, required for neural tube formation. Genes Dev. 9,
1211–1222.
Takihara, Y., Tomotsune, D., Shirai, M., Katoh-Fukui, Y., Nishii, K., Motaleb,
M.A., Nomura, M., Tsuchiya, R., Fujita, Y., Shibata, Y., et al. (1997). Targeted
disruption of the mouse homologue of the Drosophila polyhomeotic gene
leads to altered anteroposterior patterning and neural crest defects. Develop-
ment 124, 3673–3682.
Tanay, A., O’Donnell, A.H., Damelin, M., and Bestor, T.H. (2007). Hypercon-
served CpG domains underlie Polycomb-binding sites. Proc. Natl. Acad.
Sci. USA 104, 5521–5526.
Tiwari, V.K., Cope, L., McGarvey, K.M., Ohm, J.E., and Baylin, S.B. (2008a).
A novel 6C assay uncovers Polycomb-mediated higher order chromatin
conformations. Genome Res. 18, 1171–1179.
Tiwari, V.K., Mcgarvey, K.M., Licchesi, J.D.F., Ohm, J.E., Herman, J.G.,
Schu¨beler, D., and Baylin, S.B. (2008b). PcG proteins, DNA methylation, and
gene repression by chromatin looping. PLoS Biol. 6, 2911–2927.
Tsai, M.-C., Manor, O., Wan, Y., Mosammaparast, N., Wang, J.K., Lan, F., Shi,
Y., Segal, E., and Chang, H.Y. (2010). Long noncoding RNA as modular
scaffold of histone modification complexes. Science 329, 689–693.
van der Lugt, N.M., Alkema, M., Berns, A., and Deschamps, J. (1996). The
Polycomb-group homolog Bmi-1 is a regulator of murine Hox gene expres-
sion. Mech. Dev. 58, 153–164.298 Cell Stem Cell 7, September 3, 2010 ª2010 Elsevier Inc.van der Stoop, P., Boutsma, E.A., Hulsman, D., Noback, S., Heimerikx, M.,
Kerkhoven, R.M., Voncken, J.W., Wessels, L.F.A., van Lohuizen, M., and
Williams, S. (2008). Ubiquitin E3 ligase Ring1b/Rnf2 of polycomb repressive
complex 1 contributes to stable maintenance of mouse embryonic stem cells.
PLoS ONE 3, e2235.
van Haaften, G., Dalgliesh, G.L., Davies, H., Chen, L., Bignell, G., Greenman,
C., Edkins, S., Hardy, C., O’Meara, S., Teague, J., et al. (2009). Somatic muta-
tions of the histone H3K27 demethylase gene UTX in human cancer. Nat.
Genet. 41, 521–523.
Vastenhouw, N.L., Zhang, Y., Woods, I.G., Imam, F., Regev, A., Liu, X.S., Rinn,
J., and Schier, A.F. (2010). Chromatin signature of embryonic pluripotency is
established during genome activation. Nature 464, 922–926.
Voncken, J.W., Roelen, B.A.J., Roefs, M., de Vries, S., Verhoeven, E., Marino,
S., Deschamps, J., and van Lohuizen, M. (2003). Rnf2 (Ring1b) deficiency
causes gastrulation arrest and cell cycle inhibition. Proc. Natl. Acad. Sci.
USA 100, 2468–2473.
Walker, E., Ohishi, M., Davey, R.E., Zhang,W., Cassar, P.A., Tanaka, T.S., Der,
S.D., Morris, Q., Hughes, T.R., Zandstra, P.W., and Stanford, W.L. (2007).
Prediction and testing of novel transcriptional networks regulating embryonic
stem cell self-renewal and commitment. Cell Stem Cell 1, 71–86.
Walker, E., Chang, W.Y., Hunkapiller, J., Cagney, G., Garcha, K., Torchia, J.,
Krogan, N.J., Reiter, J.F., and Stanford, W.L. (2010). Polycomb-like 2 associ-
ates with PRC2 and regulates transcriptional networks during mouse embry-
onic stem cell self-renewal and differentiation. Cell Stem Cell 6, 153–166.
Wang, H., Wang, L., Erdjument-Bromage, H., Vidal, M., Tempst, P., Jones,
R.S., and Zhang, Y. (2004a). Role of histone H2A ubiquitination in Polycomb
silencing. Nature 431, 873–878.
Wang, L., Brown, J.L., Cao, R., Zhang, Y., Kassis, J.A., and Jones, R.S.
(2004b). Hierarchical recruitment of polycomb group silencing complexes.
Mol. Cell 14, 637–646.
Wang, S., He, F., Xiong, W., Gu, S., Liu, H., Zhang, T., Yu, X., and Chen, Y.
(2007). Polycomblike-2-deficient mice exhibit normal left-right asymmetry.
Dev. Dyn. 236, 853–861.
Weake, V.M., and Workman, J.L. (2008). Histone ubiquitination: Triggering
gene activity. Mol. Cell 29, 653–663.
White, J., and Dalton, S. (2005). Cell cycle control of embryonic stem cells.
Stem Cell Rev. 1, 131–138.
Woo, C.J., Kharchenko, P.V., Daheron, L., Park, P.J., and Kingston, R.E.
(2010). A region of the human HOXD cluster that confers polycomb-group
responsiveness. Cell 140, 99–110.
Xiang, Y., Zhu, Z., Han, G., Lin, H., Xu, L., and Chen, C.D. (2007). JMJD3 is
a histone H3K27 demethylase. Cell Res. 17, 850–857.
Zhao, X.D., Han, X., Chew, J.L., Liu, J., Chiu, K.P., Choo, A., Orlov, Y.L., Sung,
W.K., Shahab, A., Kuznetsov, V.A., et al. (2007). Whole-genome mapping of
histone H3 Lys4 and 27 trimethylations reveals distinct genomic compart-
ments in human embryonic stem cells. Cell Stem Cell 1, 286–298.
Zhao, J., Sun, B.K., Erwin, J.A., Song, J.J., and Lee, J.T. (2008). Polycomb
proteins targeted by a short repeat RNA to themouse X chromosome. Science
322, 750–756.
Zhou, Q., Chipperfield, H., Melton, D.A., and Wong, W.H. (2007). A gene regu-
latory network in mouse embryonic stem cells. Proc. Natl. Acad. Sci. USA 104,
16438–16443.
